Background: Severe hyperglycemia is associated with adverse outcomes after cardiac surgery. Whether intraoperative and postoperative glucose concentrations equally impact outcomes is unknown. The objective of this investigation was to compare the ability of perioperative glucose concentrations and glycemic variability to predict adverse outcomes. Risk associated with decreasing increments of glucose concentrations, hypoglycemia, and diabetic status was also examined. Methods: This retrospective analysis of prospectively collected data included 4,302 patients who underwent cardiac surgery between October 3, 2005 and May 31, 2007 at the Cleveland Clinic. Timeweighted mean intraoperative (Glc OR ) and postoperative (Glc ICU ) glucose concentrations were calculated. Patients were categorized as follows: Glc more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl. Coefficient of variation was used to calculate glycemic variability. Logistic regression model with backward selection assessed the relationship between glucose concentrations, variability, and adverse outcomes while adjusting for potential confounders. Another model assessed the predictability of Glc OR and Glc ICU on adverse outcomes. Results: Both Glc OR and Glc ICU predicted risk for mortality and morbidity. Increased postoperative glycemic variability was associated with increased risk for adverse outcomes. Severe hyperglycemia (Glc OR and Glc ICU Ͼ 200 mg/dl) was associated with worse outcomes; however, decreasing increments of Glc OR did not consistently reduce risk. Glc OR less than or equal to 140 mg/dl was not associated with improved outcomes compared with severe hyper-
glycemia, despite infrequent hypoglycemia. Diabetic status did not influence the effects of hyperglycemia. Conclusion: Perioperative glucose concentrations and glycemic variability are important in predicting outcomes after cardiac surgery. Incremental decreases of intraoperative glucose concentrations did not consistently reduce risk. Despite rare hypoglycemia, intraoperative glucose concentrations closest to normoglycemia were associated with worse outcomes.
S
EVERE hyperglycemia is clearly associated with worse outcomes in hospitalized patients.
1,2 Hyperglycemia occurs commonly during the perioperative period and is associated with increased risk for mortality and morbidity. [3] [4] [5] Most investigations in surgical patients have focused on the influence of postoperative glucose concentrations on postoperative outcomes. 1, 3 Fewer reports have examined the influence of glucose concentrations measured during the intraoperative period. 4, 5 Moreover, none of these reports has examined the ability of intraoperative blood glucose concentrations to predict outcomes compared with glucose concentrations measured during the postoperative period. Thus, the importance of intraoperative versus postoperative glucose concentrations on adverse outcomes is unknown. Understanding the relative contribution that intraoperative versus postoperative glucose concentrations have on outcomes has significant implications for perioperative care of the surgical patient.
Recommendations regarding glucose control have been learned largely from investigations in intensive care units (ICUs) 1, 6, 7 and applied to the operating room setting. However, profound differences in effective blood glucose concentrations occur during the intraoperative period compared with glucose concentrations seen in the ICU, especially during cardiac surgery. 8 -10 Thus, the ability to generalize ICU recommendations for glucose control to the operating room is uncertain and requires further investigation. For example, although incremental decreases in glucose concentrations have been associated with a decreased risk in critically ill patients, 11 whether incremental decreases in mean intraoperative blood glucose concentrations similarly moderate risk remain unknown. Furthermore, increased glucose variability has been associated with worse outcomes in critically ill patients. [11] [12] [13] However, the influence of intraoperative versus postoperative glycemic variability is unknown. Evaluation of risk related to incremental decreases in intraoperative blood glucose concentrations and glycemic variability will improve our understanding of glucose homeostasis during the perioperative period and may ultimately lead to improved outcomes of patients undergoing cardiac surgery.
Diabetes mellitus is common in patients undergoing cardiac surgery. Limited information is available regarding whether diabetes influences the adverse effect of hyperglycemia on morbidity and mortality. Several reports found that diabetes mellitus modified the influence of glucose levels on outcomes in critically ill patients. 14 -16 Others suggested that critically ill patients with diabetes are not benefited by glucose control compared with patients without diabetes. 17 However, whether diabetes alters the influence of intraoperative glucose concentrations on outcomes is unknown and must be determined to appropriately manage the patient with diabetes during cardiac surgery.
Our primary objective was to compare the influence of intraoperative versus postoperative glucose concentrations on risk of postoperative adverse outcomes after cardiac surgery. Additional objectives of this study included analyzing whether glycemic variability, episodes of hypoglycemia, and diabetic status had independent effects on the mortality and morbidity of this cohort of patients undergoing cardiovascular surgery.
Materials and Methods
Perioperative patient data were obtained from the Automated Record Keeper of Department of Cardiothoracic Anesthesia at the Cleveland Clinic, which collected real-time data from the intraoperative anesthesia record electronically, and the Cardiothoracic Anesthesia Patient Registry of the Department of Cardiothoracic Anesthesia at the Cleveland Clinic. All registry data were prospectively collected, concurrent with patient care on electronic tablets, by experienced and specifically trained research personnel. Registry data that did not conform within a range of expected results were rejected and reevaluated. Research use of the Registry was approved by the Institutional Review Board (Cleveland Clinic, Cleveland, OH) and used methods that have been reported previously. 18 Individual patient consent was waived because no interventions were performed.
The study population included 4,302 patients who underwent cardiac surgery, including coronary artery bypass grafting and/or valve replacement procedures, between Oc- Postoperative in-hospital adverse outcome variables as described by Higgins et al. 18 included (1) mortality (all-cause in-hospital mortality); (2) cardiac morbidity (combination of postoperative myocardial infarction and/or low cardiac output with a requirement for intraaortic balloon pump, ventricular assist device, or extracorporeal membrane oxygenation; where postoperative myocardial infarction is de- All data are expressed as N (%). P value refers to the comparison among discrete ranges of mean glucose. EF ϭ ejection fraction; Glc ϭ time-weighted mean glucose concentration; OR ϭ intraoperative.
fined by specific electrocardiographic findings consistent with myocardial infarction 19 with a creatine phosphokinase myocardial band of more than or equal to 50 U or aspartate aminotransferase level of more than or equal to 80 U/l, and low cardiac output is defined as a cardiac index less than 1.8 l ⅐ min Ϫ1 ⅐ m Ϫ2 despite adequate fluid replacement and high-dose inotropes for more than 4 h); (3) neurologic morbidity defined as new postoperative focal (aphasia, decrease in limb function, or hemiparesis confirmed by clinical findings and/or computed tomographic scan) or global neurologic deficit (diffuse encephalopathy with Ͼ 24 h of severely altered mental status and/or failure to awaken postoperatively); (4) prolonged intubation (duration of intubation Ͼ 72 h); (5) renal morbidity defined as postoperative anuria or oliguria (urine output Ͻ 400 ml/24 h) and/or institution of renal dialysis or ultrafiltration; (6) infection morbidity (culture-proven pneumonia, mediastinitis, wound infection, or septicemia with appropriate clinical findings); and (7) overall morbidity (incidence of one or more of the above morbidities, including death, because early death precludes observation of morbidity).
Glucose Measurements
Perioperative glucose values were collected, analyzed, and reported from the arterial blood gas analysis. Perioperative glucose measurements were calculated as time-weighted mean glucose within patient. Time-weighted mean glucose concentration (Glc) was calculated using the glucose values from the intraoperative course (Glc OR ) and the first 24 h after surgery beginning with admission to the ICU (Glc ICU ). All patients with a minimum of four intraoperative glucose measurements were included in the analysis to ensure that the time-weighted mean glucose concentration sufficiently described the course of intraoperative glucose measurements. Glucose measurements were collected every 49 Ϯ 10 min (mean Ϯ SD) and every 203 Ϯ 29 min during the intraoperative and postoperative period, respectively. An average number of glucose values collected during the intraoperative and postoperative course was 7.0 Ϯ 2.3 and 10.1 Ϯ 2.3, respectively.
Glucose variability was calculated for all patients using coefficient of variation. Coefficient of variation was defined as the ratio of SD to mean glucose level. Coefficient of variation is reported as coefficient of variation ϫ 100 (for ease of interpretability because coefficient of variation is measured in hundredths). Coefficient of variation ϫ 100 was calculated for intraoperative (coefficient of variation OR ) and postoperative (coefficient of variation ICU ) glucose values.
Insulin treatment followed the Cleveland Clinic intraoperative and postoperative insulin infusion protocol, which used an insulin infusion adjusted for absolute blood glucose and the relative change in blood glucose measurements. The protocol called for the initiation of an insulin infusion for glucose more than 120 mg/dl before cardiopulmonary bypass or more than 150 mg/dl on cardiopulmonary bypass. The intraoperative target blood glucose level was 70 -150 mg/dl. Postoperatively, the target blood glucose level was 80 -150 mg/dl on the day of surgery and 80 -120 mg/dl during the remainder of the postoperative stay in the ICU. The insulin therapy protocols for the intraoperative and postoperative period are described in Supplemental Digital Content 1, which includes tables demonstrating the Cleveland Clinic protocols for titration of insulin, http://links.lww.com/ALN/A575. Use of an insulin infusion during the intraoperative period, the postoperative period after admission to ICU on the day of surgery and on the postoperative day 1 was recorded. The occurrence of hypoglycemic episodes during the intraoperative and postoperative course was collected. Hypoglycemia was categorized as mild (glucose level 60 -69 mg/dl), moderate (40 -59 mg/dl), or severe (Յ 39 mg/dl).
Statistical Analysis
Univariable comparisons for baseline characteristics and perioperative variables were made with chi-square, Fisher's exact, and Wilcoxon rank sum tests as appropriate. The timeweighted mean glucose values were calculated as the area under the curve divided by the total measurement time (time from first to last measurement) for a patient. The timeweighted mean glucose measurements Glc OR and Glc ICU were calculated from glucose values from the intraoperative course and first 24 h in ICU, respectively.
To evaluate the association between severe hyperglycemia (mean glucose concentration Ͼ 200 mg/dl) and adverse outcomes, the outcomes were compared with univariable analysis using chi-square test between patients with Glc OR more than 200 or less than or equal to 200 mg/dl and Glc ICU more than 200 or less than or equal to 200 mg/dl. To further examine the association of adverse outcomes as a function of decreasing mean glucose concentration, univariable analysis compared the outcomes between patients with Glc OR more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl. Glc ICU was similarly compared by categorizing patients by time-weighted mean glucose concentrations into four groups of glucose levels.
Multivariable analysis was then performed using logistic regression to compare the outcomes between patients with Glc OR more than 200 mg/dl or less than or equal to 200 mg/dl and Glc ICU more than 200 mg/dl or less than or equal to 200 mg/dl. Variables in tables 1 and 2 that had a P value less than 0.2 when assessing their association with the outcomes on univariable analysis were initially put into the multivariable model. Backward variable selection procedure with the variables of interest (mean glucose concentrations [Glc OR and Glc ICU ], glucose variability [coefficient of variation OR and coefficient of variation ICU ], and hypoglycemia) kept in was then used in the final model of assessing the association between the group and the outcomes. The same procedure was also used to compare the outcomes in patients with Glc OR more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl. Glc ICU was compared by similarly categorizing patients into groups of mean glucose concentrations.
To further define the risk associated with intraoperative mean glucose (Glc OR ) less than or equal to 140, this group of patients was divided into groups with mean glucose level of 70 -120 (N ϭ 59) versus 121-140 mg/dl (N ϭ 480). Outcomes were compared between these two glucose levels with univariable and multivariable analysis.
Patients were categorized by the presence or absence of diabetes to assess risk for patients with diabetes and examine in the multivariable logistic regression model. In addition, the presence of an interaction between diabetes and glucose concentrations on outcomes was examined to determine whether the presence of diabetes influenced the effect of glucose concentrations on outcomes.
The predictive value of Glc OR and Glc ICU on overall morbidity and mortality was assessed. Area under the curve (C statistics) was compared for the model of predicting overall morbidity and mortality using Glc OR and Glc ICU with significant covariates using receiver operating characteristic analysis.
All results were analyzed with SAS version 9.2 software (SAS Institute Inc., Cary, NC). The C statistics for overall morbidity and mortality ranged from 0.836 (Glc OR overall morbidity) to 0.918 (Glc OR mortality). A P value Ͻ 0.05 was considered as overall significance level. For pairwise comparisons with six groups, the Bonferroni correction was applied, and P Ͻ 0.008 was considered significant.
Results
The patient population included 4,302 patients who underwent cardiac surgery between October 3, 2005, and May 31, 2007. The distribution for mean glucose concentrations, glucose variability, baseline characteristics, and operative variables for patients with Glc OR more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl are found in tables 1 and 2.
Univariable analysis for patients with severe intraoperative and postoperative hyperglycemia (Glc OR and Glc ICU , Ͼ 200 mg/dl) had significantly increased risk of mortality and multiple morbidities compared with patients with Glc OR and Glc ICU less than or equal to 200 mg/dl (table 3). After adjustment for confounding factors, patients with severe intraoperative hyperglycemia (Glc OR Ͼ 200 mg/dl) had a 90% increase in odds for mortality and approximately 50% increase in odds for overall morbidity. Patients with severe postoperative hyperglycemia (Glc ICU Ͼ 200 mg/dl) had a 10-fold increase in odds for mortality and greater than 3-fold increase in odds for overall morbidity (table 4) .
The univariable analysis of outcomes related to mean intraoperative glucose concentrations (Glc OR ) more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl are depicted graphically in figure 1. Risk for adverse outcome was increased with severe hyperglycemia (Glc OR Ͼ 200 mg/ dl). However, risk for adverse outcome did not decrease consistently with decreasing glucose level during the intraoperative period. The risk for mortality and overall morbidity were significantly lower with mild hyperglycemia (Glc OR 141-170 mg/dl) compared with severe hyperglycemia (Glc OR Ͼ 200 mg/dl). However, risk for mortality and overall morbidity were similar between severe hyperglycemia (Glc OR Ͼ 200 mg/dl) and glucose concentrations closest to normoglycemia (Glc OR Յ 140 mg/dl). When the analysis was adjusted for confounding variables, the results were similar (Supplemental Digital Content 2, which includes Forest plots illustrating the adjusted pairwise comparison of mean glucose concentrations on overall morbidity and mortality, http://links.lww.com/ALN/A576). Adjusted risk for mortality was 3-fold higher in patients with severe hyperglycemia (Glc OR Ͼ 200 mg/dl) compared with patients with mild hyperglycemia (Glc OR 141-170 mg/dl). However, odds for mortality were not significantly different between patients with severe hyperglycemia (Glc OR Ͼ 200 mg/dl) and patients with glucose levels closest to normoglycemia (Glc OR Յ 140 mg/dl). To further examine the risk in the patients with glucose level less The results of multivariable analysis between these two levels of mean glucose were also similar. The univariable analysis of outcomes and mean postoperative glucose concentrations (Glc ICU ) more than 200, 171-200, 141-170, and less than or equal to 140 mg/dl are depicted graphically in figure 2 . The risk for adverse outcome was increased with severe postoperative hyperglycemia (Glc ICU Ͼ 200 mg/dl). In contrast to the pattern seen with intraoperative glucose levels, risk for mortality and multisystem morbidities seemed to decrease as mean postoperative glucose concentrations decreased. When the analysis was adjusted for confounding variables, the results were similar (Supplemental Digital Content 2, which includes Forest plots illustrating the adjusted pairwise comparison of mean glucose concentrations on overall morbidity and mortality, http://links.lww.com/ALN/A576). Odds ratio for mortality was 18-fold higher for patients with severe postoperative hyperglycemia (Glc ICU Ͼ 200 mg/dl) compared with patients with postoperative glucose concentrations closest to normoglycemia (Glc ICU Յ 140 mg/dl). Risk for overall morbidity was 5-fold higher for patients with severe postoperative hyperglycemia (Glc ICU Ͼ 200 mg/dl) compared with patients with postoperative glucose concentrations closest to normoglycemia (Glc ICU Յ 140 mg/dl).
Glucose variability was compared using coefficient of variation and reported as coefficient of variation ϫ 100. Overall glucose variability was higher during the intraoperative period than during the postoperative period (mean Ϯ SD, 4.1 Ϯ 0.7 vs. 3.7 Ϯ 0.8; P Ͻ 0.001). Intraoperative glucose variability was similar between nonsurvivors and sur- The predictability of Glc OR and Glc ICU was compared based on the area under the curve (C statistics) of the model. The C statistics of the model with Glc OR and Glc ICU for mortality was 0.918 and 0.915, respectively (P ϭ 0.97). The C statistics of the model with Glc OR and Glc ICU for overall morbidity was 0.836 and 0.839, respectively (P ϭ 0.48).
The presence of diabetes was ascertained using the Registry data. All patients with type 1, type 2, and diet-controlled diabetes were labeled as diabetic. Diabetes was present in 1,024 patients (23.8%). Unadjusted risk of mortality and morbidity of patients with diabetes and without diabetes associated with intraoperative and postoperative blood glucose concentrations are shown in figures 3 and 4. Multivariable analysis found that the presence of diabetes was an in- Fig. 2 . Univariate analysis comparing risk of adverse outcome between decreasing incremental mean glucose levels during the initial postoperative period (Glc ICU ). * P Յ 0.001 overall between glucose levels for each individual outcome. # P Յ 0.001 between Glc ICU more than 200 mg/dl and Glc ICU 141-170 mg/dl. Cardiac morbidity was not significantly different between Glc ICU more than 200 mg/dl and Glc ICU 141-170 mg/dl (data not shown). Fig. 3 . Univariate analysis comparing risk of mortality and overall morbidity between patients with and without diabetes related to mean intraoperative glucose levels. * P Ͻ 0.05 and † P Ͻ 0.001 overall between levels of mean glucose within patient group. # P Յ 0.009 and ‡ P Ͻ 0.001 between Glc ICU more than 200 mg/dl and Glc ICU 141-170 mg/dl. DM ϭ patient with diabetes; non-DM ϭ patient without diabetes. Perioperative insulin therapy was compared between groups. Nearly all (Ͼ 99.5%) patients received an insulin infusion intraoperatively, on admission to the ICU, and continuing through the first postoperative day.
Hypoglycemia occurred infrequently. Severe (defined as any single episode of glucose Ͻ 40 mg/dl), moderate (40 -59 mg/dl), and mild (60 -69 mg/dl) hypoglycemia occurred in 3 (0.07%), 16 (0.3%), and 25 (0.5%) patients, respectively, during the intraoperative period. Of these 44 (1.0%) patients, none died and seven (15.9%) experienced overall morbidity. Postoperatively, severe, moderate, and mild hypoglycemia occurred in 22 (0.5%), 130 (3.0%), and 200 (4.6%) of all patients. Of these 352 (8%) patients who developed an episode of hypoglycemia during postoperative course, 19 (5.4%) died and 56 (15.9%) experienced overall morbidity. The covariate hypoglycemia categorized patients into one of three groups: (1) no episodes of hypoglycemia; (2) an episode of mild hypoglycemia occurring during the intraoperative or postoperative course; or (3) any episode of moderate-severe hypoglycemia occurring during the intraoperative or postoperative course. Hypoglycemia, the variable of interest, was forced into the logistic regression model to determine whether it was associated with postoperative mortality or morbidity. Hypoglycemia was not significantly associated with mortality or overall morbidity (P ϭ 0.86 and 0.56), respectively.
Discussion
Our investigation found that both intraoperative and postoperative glucose measurements were important predictors of outcomes after cardiac surgery. Moreover, postoperative, but not intraoperative, glycemic variability had an independent effect on morbidity and mortality. Hypoglycemia occurred infrequently and had no independent impact on outcomes. Finally, in contrast to findings among heterogeneous populations of the critically ill, patients with diabetes sustained an increased risk of mortality, but the impact of hyperglycemia was similar between patients with and without diabetes.
Patients with severe hyperglycemia (Glc Ͼ 200 mg/dl) occurring during the intraoperative or initial postoperative period were at increased risk for postoperative mortality and multisystem morbidity. However, notable differences in risk for adverse outcomes were found between the intraoperative and postoperative period when hyperglycemia was less severe. Similar to other reports, 20, 21 our investigation found that decreasing mean postoperative glucose levels consistently decreased risk of mortality and multisystem morbidities. In contrast, during the intraoperative period, risk for adverse outcome did not decrease consistently as a function of mean glucose concentrations as long as the glucose concentration remained less than 200 mg/dl. Patients with mild intraoperative hyperglycemia (Glc OR ϭ 141-170 mg/dl) had lower risk of adverse outcome than did patients with severe hyperglycemia (Glc OR Ͼ 200 mg/dl). However, risk seemed to increase as glucose levels approached closer to normoglycemia (Glc OR Յ 140 mg/dl). Surprisingly, patients with lower glucose levels (Glc OR Յ 140 mg/dl) were at similar risk compared with patients with severe hyperglycemia (Glc OR Ͼ 200 mg/dl). This pattern associated with intraoperative glucose levels was evident with multiple outcomes such as mortality and several morbidities. This finding contrasts with results from an initial investigation in critically ill ‡ † † # # * # * Fig. 4 . Univariate analysis comparing risk of mortality and overall morbidity between patients with and without diabetes related to postoperative mean glucose levels. * P Ͻ 0.05 and † P Յ 0.001 overall between levels of mean glucose within patient group. # P Ͻ 0.05 and ‡ P Յ 0.001 between Glc ICU more than 200 mg/dl and Glc ICU 141-170 mg/dl. DM ϭ patient with diabetes; non-DM ϭ patient without diabetes.
patients who found significant benefit on morbidity and mortality when postoperative blood glucose was titrated to normoglycemia (80 -110 mg/dl). 1 However, a recent, randomized, controlled trial in the patients who underwent cardiac surgery similarly found increased risk of adverse outcome as intraoperative glucose levels approached toward normoglycemia. 22 In addition, other reports in critically ill patients found either no benefit or increased mortality when efforts were made to achieve normoglycemia. [23] [24] [25] Our results are similar to these recent clinical trials and suggest that intraoperative mild hyperglycemia (141-170 mg/dl) is well tolerated in cardiac surgical patients and may be associated with benefits on postoperative outcomes.
Efforts were made to examine the association of adverse outcomes with glucose concentrations closest to normoglycemia; however, this analysis was limited by the fact that the majority of patients in this category (Glc OR Յ 140 mg/dl) had mean glucose levels between 130 and 140 mg/dl, and few had mean glucose concentrations within accepted ranges for normoglycemia (70 -110 mg/dl). Indeed, only four patients (0.1%) had mean intraoperative glucose levels between 70 and 100 mg/dl. However, when comparison was made between patients with mean glucose 70 -120 mg/dl versus 121-140 mg/dl, similar risk for mortality and morbidity was found between these two glucose levels. The power of this analysis is limited by the small number of patients at the lowest glucose levels; however, the incidence of adverse outcomes seems consistent between the groups. The explanation for an increase in adverse outcome when intraoperative mean glucose levels approach closer to normoglycemia is unclear.
Our investigation found a low incidence of hypoglycemia in the operating room despite the fact that many patients in this analysis had known risk factors for hypoglycemia. 26 This may reflect the fact that arterial blood gas analysis with glucose measurements are performed frequently and routinely. In addition, the insulin protocol used in our operating room and ICU uses low-dose insulin infusions, small insulin boluses, and takes into account the rate of change of glucose levels over time, which contributes to the safety of this insulin infusion technique. The possibility that worse outcomes in patients with mean intraoperative glucose concentrations closest to normoglycemia (Յ 140 mg/dl) was related to hypoglycemia was evaluated in our analysis. Although severe hypoglycemia was rare in this investigation, the number of hypoglycemic episodes was increased by including a conservative measure for hypoglycemia (glucose level Ͻ 69 mg/dl). Our results found no association between mild or moderatesevere hypoglycemia and postoperative adverse outcomes. Consequently, the occurrence of hypoglycemia in our investigation does not seem to explain an increase in mortality and morbidity in patients with the lowest mean intraoperative glucose concentrations. Slightly more hypoglycemia was seen during the postoperative period; however, patients with the lowest mean postoperative glucose concentrations and the most hypoglycemia had improved outcomes. Our study contrasts with others that found hypoglycemia to be an independent risk factor for death. 7, 12, 25 However, our findings are consistent with another study of intraoperative glucose control in cardiac surgical patients that found titrating intraoperative blood glucose to normoglycemia worsened outcomes even though hypoglycemia was rare. 22 Factors other than hypoglycemia might thus contribute to poor outcomes in patients with glucose concentrations closest to normoglycemia.
Increased glucose variability measured by coefficient of variation, an accepted measure of variability, was an important predictor of adverse outcomes during the postoperative period, but not the intraoperative period. Glucose variability was increased during the intraoperative period in all patients likely related to the acute development of stress hyperglycemia, insulin resistance, and exacerbated by frequent intraoperative administration of glucose-containing cardioplegia. Similarly high levels of intraoperative glucose variability were seen in both hospital survivors and nonsurvivors. However, during the postoperative period, nonsurvivors had an increased variability compared with survivors, and an increased postoperative glucose variability was found to be a risk factor for mortality and overall morbidity. These results are consistent with other reports that found that increased glucose variability was associated with increased morbidity and mortality in critically ill patients. 11, 12, 27 In fact, some have suggested that measures of glucose variability may be a better predictor of adverse outcome than mean glucose concentrations. 11 Thus, it is possible that methods aimed at decreasing postoperative glucose variability may improve outcomes. Perhaps, if excessive intraoperative glucose variability could be decreased, intraoperative glycemic variability may be found to be a risk factor for postoperative morbidity and mortality as well.
Many prospective investigations of glucose control have been performed in the critical care setting, and these results have been generalized to the operating room. However, issues specific to the operating room, especially cardiac surgery, differ significantly from the ICU. These differences may contribute to our finding that similar mean glucose concentrations (Յ 140 mg/dl) were associated with worse outcomes during the intraoperative period but improved outcomes during the postoperative period. Certainly, the underlying factors affecting intraoperative glucose concentrations during cardiac surgery, including the hypermetabolic stress response, development of insulin resistance, use of cardiopulmonary bypass, hypothermia, 8 and administration of glucose-containing cardioplegic solutions, 9 differ significantly from causes of postoperative hyperglycemia. Furthermore, the intraoperative course is complicated by myocardial ischemia and reperfusion injury related to aortic crossclamping and release, and the glucose concentrations may play a unique role during this period, because increased glucose uptake and metabolism during ischemia, rather than fatty acids, results in lower myocardial oxygen consumption, greater myocardial efficiency, 28, 29 decreased arrhythmogenic substrates, 30, 31 and preserved myocardial function. 32 In fact, severe myocardial dysfunction may result if glucose utiliza-tion is not increased. [33] [34] [35] [36] Glucose-insulin-potassium infusions have been administered during myocardial infarction 31, 37 and cardiac surgery, 38 with purported benefits related to increased myocardial glucose utilization, although results of glucose-insulin-potassium trials have been inconsistent. 39 -41 Whether patients with the lowest intraoperative mean glucose levels (Յ 140 mg/dl) experienced inadequate myocardial utilization of glucose, possibly contributing to increased postoperative complications, has not been investigated. Other factors that are significantly different between the operating room setting and the ICU include the duration of insulin treatment. Certainly, it has been suggested that short-term insulin therapy for less than 3 days will not provide a benefit on patient outcomes. 17, 42 In summary, our findings emphasize that differences may exist regarding the impact of glucose concentrations in the operating room compared with the critical care unit and imply that the results from investigations of glucose concentrations in critically ill patients may not be generalizable to the cardiac surgical operating room setting. The optimal target for intraoperative glucose control remains unknown.
Although severe hyperglycemia has been associated with adverse patient outcomes, intervention to normalize glycemia has yielded inconsistent results. Whether hyperglycemia is a risk factor for adverse outcome or merely a marker for severity of illness cannot be determined from our observational investigation. Furthermore, it is unclear whether associated benefits on outcomes result from treatment of hyperglycemia versus benefits related to insulin therapy. Because insulin is the sole clinically effective therapy available, it is difficult to separate the effects of insulin from those of normalizing blood glucose in hyperglycemic patients. Certainly, insulin has many beneficial effects, including decreased platelet activation, 43, 44 antiinflammatory effects, improved myocardial perfusion, 45, 46 inotropic, and direct cardioprotective effects. 47 Several reports found insulin use to be associated with death and other complications, 48, 49 which suggested that improved outcomes were related to glucose control rather than insulin administration. Nearly all (Ͼ 99.5%) the patients in this investigation received a perioperative insulin infusion. Because all patients received a similar therapy, it is unlikely that systemic insulin would explain differences in outcomes.
Diabetes is common in patients undergoing cardiac surgery. Because of chronic hyperglycemia and other alterations in glucose homeostasis, the benefit of glucose control may differ in patients depending on their diabetic status. Our investigation found that patients with diabetes experienced worse outcomes compared with patients without diabetes. Indeed, the presence of diabetes per se doubled the risk of mortality. However, no interaction was found between the presence of diabetes and the influence of hyperglycemia on outcomes. In other words, patients with diabetes, despite being at increased risk for adverse outcome because of having diabetes, were at similar risk as patients without diabetes related to the degree of hyperglycemia. Our results differ from other reports, which found that patients with diabetes differ from patients without diabetes in either the risk received from hyperglycemia or the benefits related to glucose control. For example, investigators reported that mortality increased with median glucose levels to a greater extent in critically ill patients without diabetes than patients with diabetes, 14, 15 and insulin therapy did not provide similar benefits to patients with diabetes. 15, 17 Others found that hyperglycemia was strongly associated with outcome in critically ill patients without diabetes, but not in patients with diabetes. 16 Further investigation is needed to examine pathophysiologic differences between patients with and without diabetes and the influence of mean glucose concentrations on outcomes.
There are limitations to this investigation. This study was a retrospective analysis and is thus subject to the limitations inherent in this type of study. This investigation may be subjected to selection bias although our analysis included all patients undergoing specific cardiac surgeries within a certain time period. Although our analysis adjusted for 38 baseline variables and perioperative characteristics, other unmeasured variables could significantly affect the association with outcomes and, therefore, confound the results. This retrospective analysis can only find an association rather than imply causation between measures of glucose control and adverse outcomes, and therefore, this investigation was not designed to test whether intensive glycemic control improves postoperative outcomes in patients who underwent cardiac surgery. The fact that the postoperative ICU glucose concentrations had a stronger correlation with the outcomes than the intraoperative period may be, in part, because postoperative glucose concentrations occur temporally closer to the outcomes. The effects of insulin therapy or glycemic control are difficult to distinguish. In addition, methods for detecting morbidities in the current study captured only the most severe complications and were insensitive to less critically severe outcomes.
In summary, both intraoperative and postoperative glucose concentrations are important indicators of postoperative morbidity and mortality. Although severe perioperative hyperglycemia is associated with an increased risk of adverse outcome, incremental decreases in mean glucose concentrations did not consistently moderate risk during the intraoperative period. Interestingly, mean intraoperative glucose concentrations closest to normoglycemia were not associated with the lowest risk for adverse outcome, and this increase in risk was not explained by the occurrence of hypoglycemia. Furthermore, increased postoperative glycemic variability was associated with increased risk for adverse outcomes. Perhaps, beneficial effects on outcomes may result from a higher target range of intraoperative glucose concentrations and lower perioperative glycemic variability, but this remains a subject for further investigation.
